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Photoconductiviy of 2D Rashba system in the perpendicular AC magnetic field
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The response of a 2D electron system to a DC measurement electric field has been investigated
in the case when the system is driven out of the equilibrium by the magnetic ultra-high frequency
field that leads to combined transitions involving the spin-orbit interaction. It has been shown
that the method of non-equilibrium statistical operator in conjunction ith the method of canonical
transformations allows one to build a theory of linear response of a non-equilibrium 2D electron gas
to a weak “measurement” DC electric field. The proposed theory predicts that such perturbation
of the electron system with high (∼ 107 cm2/Vs) mobility leads to a new type of 2D electron gas
conductivity oscillations controlled by the ratio of the radiation frequency to the cyclotron frequency.
I. INTRODUCTION
In 2D electron systems with high (∼ 107 cm2/Vs) electron mobility, the magnetoresistance exhibits strong oscil-
lations in “pre-Shubnikov” range of magnetic fields under microwave irradiation1,2. These oscillations are caused by
electron transitions between Landau levels due to the electric component of the microwave radiation.
Together with the oscillations of the diagonal components of the conductivity tensor, “beats” have been found
experimentally2 in the interval of more weak magnetic fields. Such beats are usually related with the manifestations
of the interaction between kinetic and spin degrees of freedom of the conductivity electrons. Such interaction is the
spin-orbit interaction (SOI) that is known to be the origin of numerous effects in transport phenomena observed in
such systems3,4,5, etc. SOI also leads to the possibility of electron transitions between Landau levels in the magnetic
field at the combined resonance frequencies6, thus transitions being possible both in antinodes of electric and magnetic
fields7. Finally, operation of a spin transistor (schemes of which have been considered in8) is based upon spin degrees
of freedom. All of the above has determined elevated interest to investigations of the SOI in 2D semiconductor
structures.
For the purpose of studying the SOI, it appears interesting to investigate a model in which the role of the SOI
should manifest itself the strongest. Since the SOI depends upon both translational and spin degrees of freedom, then
it is a channel over which energy (both electric and magnetic) can be absorbed from the ultra-high frequency field,
thus causing transitions between Landau levels. Because of that, it is interesting to investigate the response of a non-
equilibrium electron system to a DC weak (“measurement”) electric field for the case when the initial non-equilibrium
state is created with a high-frequency AC magnetic field that leads to combined transitions. The question is how this
perturbation affects transport coefficients, in particular, the conductivity tensor.
II. EFFECTIVE HAMILTONIAN
The discussed model includes the contributions form Landau quantization and (in the long-wavelength limit) from
the microwave radiation. We consider impurity centers for the role of scatterers, treating the scattering process
perturbatively.
The Hamiltonian of the system under consideration consists of the kinetic energy Hk, Zeeman energy Hs in the
magnetic field H = (0, 0, H), the spin-orbit interaction Hks, interactions of electrons with AC magnetic and DC
electric fields and with impurities, and the Hamiltonian of the impurities themselves:
H(t) = Hk +Hs +Hks +Heh(t) +H0ef +Hv +Hev, (1)
Hk =
∑
j
(pj − (e/c)A(xj))2
2m
,
Hs = h¯ωs
∑
j
Szj , h¯ωs = gµ0H.
Sαi and p
α
i are operators of the components of the spin and kinetic momentum of the ith electron, where [p
α
i , p
β
j ] =
−iδijmh¯ωcεαβz, ωc = |e|H/mc is the cyclotron frequency, and µ0 is Bohr magneton.
2In this paper, we limit our consideration to the case when AC and DC magnetic fields are parallel to each other:
H(t) = (0, 0, Hz(t)). In this case, the Hamiltonian of the interaction of electrons with the AC magnetic field has the
form:
Heh(t) = gµ0H
z(t)
∑
j
Szj . (2)
We assume the specific form of the SOI term, namely, Rashba interaction, which is non-zero even in the linear order
in momentum:
Hks(p) = αεzik
∑
j
Sijp
k
j =
iα
2
∑
j
(S+j p
−
j − S−j p+j ), (3)
S± = Sx ± iSy, p± = px ± ipy.
Here α is the constant characterizing the SOI, ε is the fully-antisymmetric Levi—Chivita tensor.
The spin-orbit interaction leads to correlation of spatial and spin motion of electrons, thus, the translational
and spin-related subsystems are not well-defined. Since the SOI is in some sense small, then one can perform a
momentum-dependent canonical transformation that decouples kinetic and spin degrees of freedom. All other terms
in the Hamiltonian, describing the interaction of electrons with the lattice and external fields also undergo the
transformation. In this case, the effective interaction of electrons in the system with external fields appears, which
leads to resonant absorption of the field energy not only at the frequency of the paramagnetic resonance ωs or cyclotron
resonance ωc, but also at their linear combinations. The gauge-invariant theory describing such transitions has been
developed in9.
Assuming the SOI to be small, we perform the canonical transformation of the Hamiltonian. Up to the terms linear
in T (t), we have:
H˜ = e−iT (p)HeiT (p) ≈ H− i[T (p),H]. (4)
The operator of the canonical transformation T (p) has to be determined from the requirement that, after the trans-
formation, the k and s subsystems become independent. This requirement, as one can easily see, is satisfied if one
puts
T (p) = − α
2h¯(ωc − ωs)
∑
j
(S+j p
−
j − S−j p+j ). (5)
One can write the transformed Hamiltonian in the following form:
H˜(t) = H0 +H0ef +Heh(t) + [T (p), Heh(t) +H0ef +Hev], (6)
H0 = Hk +Hs +Hv +Hev.
The effective interaction of the electrons and the AC magnetic field (responsible for combined transitions) can be
found using the explicit expression for the operator T (t):
Heh,1(t) = −i[T (p), Heh(t)] = iαω1s
2(ωc − ωs) (T
+− − T−+) cosωt, (7)
Tαβ =
∑
i
Sαi p
β
i ,
where ω1s = geH1/(2m0c), H1 is the intensity of the linearly polarized magnetic field, oscillating with the frequency
ω according to the cosine law.
It follows from Eq. (7) that the effective interactionHeh,1(t) leads to combined transitions at frequency ωc−ωs, while
the interaction of the spin degrees of freedom of the conductivity electrons with the AC magnetic field Heh(t) leads
to resonant transitions at the frequency ωs. Since, for our further calculations, the response of the non-equilibrium
system to the measurement electric field is interesting, in which the contribution from the translational degrees of
freedom dominates, we will restrict our consideration to the effective interaction solely.
3During the calculation of the non-equilibrium response of the electron system to the measurement electric field,
there are technical difficulties cased by the dependence of the effective interaction Heh,1(t) upon time. One can avoid
them by transferring the time dependence to the impurity subsystem. This can be done by means of a new canonical
transformation. The explicit form of the canonical transformation W2(t) is determined from the requirement that it
excludes Heh,1(t) from the effective Hamiltonian of a system without impurities:
W †2 (t)(−ih¯
∂
∂t
+Hk +Hs +Heh,1(t))W2(t) = −ih¯ ∂
∂t
+Hk +Hs. (8)
The operator W2(t) is expressed in the following form:
W2(t) = exp(iT2(t)). (9)
The operator T2(t) is searched for in the form:
T2(t) = η
+(t)T+− + η−(t)T−+, (10)
where one has to determine the parameters η±(t). In the linear approximation in the constant of the spin-orbit
interaction, we have:
η±(t) =
αω1s((ωc − ωs) cosωt± iω sinωt)
2h¯(ωc − ωs)((ωc − ωs)2 − ω2) (11)
As a result of the canonical transformation W2(t), renormalization of the electron-impurity interaction happens.
In the case of elastic scattering, for obtaining the renormalized Hamiltonian of the electron-impurity interaction, it is
sufficient to calculate W †2 (t) exp(iqrj)W2(t). In the linear approximation in the constant of the spin-orbit interaction
α, we obtain:
W †2 (t) exp(iqrj)W2(t) = exp(iqrj)(1 − ih¯(η+(t)S+j q− + η−(t)S−j q+)) (12)
Using the explicit form of η±(t), we have:
W †2 (t) exp(iqrj)W2(t) = exp(iqrj)− i
αω1s
2(ωc − ωs)((ωc − ωs)2 − ω2)
×
((
(ωc − ωs) cosωt+ iω sinωt
)
S+j q
− +
(
(ωc − ωs) cosωt− iω sinωt
)
S−j q
+
)
exp(iqrj) (13)
The speed of the electron momentum change is:
p˙±(v˜) = p˙
±
(v) −
∑
qj
∑
k,l=±1
V (q)ρ(q)
αω1s
2(ωc − ωs)q
± exp(iqrj)
Skj q
−keilωt
ωc − ωs − klω , (14)
where
Skj =
{
S+j , k = +1
S−j , k = −1
, qk =
{
q+, k = +1
q−, k = −1 (15)
As one can see from (13), the renormalized electron-impurity interaction Hamiltonian acquired time dependence. In
such canonically transformed system, impurities act as a coherent oscillating field that leads to resonant transitions.
III. MOMENTUM RELAXATION RATE
We assume that the initial non-equilibrium state of the system under consideration is created by the ultra-high
frequency magnetic field and can be described with the distribution ρ¯(t). If some additional perturbation acts upon
the system, then a new non-equilibrium state is formed in the system, that requires an extended set of basis operators
for its description. The new non-equilibrium distribution is described with the operator ρ(t, 0). The task is to
find the response of a non-equilibrium system to a weak measurement field. Using the technique of calculation the
non-equilibrium statistical operator10, we have for the momentum relaxation rate:
1
τ
=
1
2mnT
Re
1
ih¯
∫ 0
−∞
dt1e
(ε−ω1)t1dt2e
εt2
∫ 1
0
dλA(λ, t1 + t2), (16)
4A(λ, t1 + t2) = Sp{p˙+(v˜)(t)eiL0(t1+t2)ρλq [p˙−(v˜)(t+ t1 + t2), Hk +Hs]ρ1−λq . (17)
Here T is the common temperature of the kinetic and spin subsystem, that can be introduced when one neglects the
“heating” effects, ρq(t) is the quasiequilibrium statistical operator.
Now we expand the formula (16) using the explicit expression for the renormalized electron-impurity interaction
H˜ev. Inserting the explicit expression for the electron-impurity interaction and averaging over the system of scatterers,
we obtain:
A(λ, t1 + t2) =
∑
qjj′
∑
k,l=±1
|V (q)|2Ni α
2ω21s
4(ωc − ωs)2(ωc − ωs − klω)2 q
4
× e−ilω(t1+t2) Sp{Skj exp(iqrj)eiL0(t1+t2)ρλq [S−kj′ exp(−iqrj′), Hk +Hs]ρ1−λq } (18)
Here Ni is the impurity concentration. Rewriting this expression using secondary quantization and averaging the
Fermi operators using Wick’s theorem, we have:
A(λ, t1 + t2) =
∑
qνµ
∑
k,l=±1
|V (q)|2Ni α
2ω21s
16(ωc − ωs)2(ωc − ωs − klω)2 q
4
× e−ilω(t1+t2)(εµ′ − εµ)|(2Skeiqr)νµ|2fν(1− fµ)e− ih¯ (t1+t2)(εµ−εν)e−βe(εµ−εν)λ, (19)
where f is the Fermi—Dirac distribution. ν and µ are the electron states in the DC magnetic field, they are charac-
terized by the Landau level number n, x projection of the wave wector kx, and z projection of the spin sz.
Then we should integrate over λ, t1 and t2, and take the limit ω1 → 0, ε → +0 (because we are interested in the
zero-frequncy response). For the correction to the momentum relaxation rate caused by the microwave radiation, we
obtain:
∫ 0
−∞
dt1e
(ε−iω1)t1dt2e
εt2
∫ 1
0
dλA(λ, t1 + t2) =
∑
qνµl
|V (q)|2NiJ2l (|Kq|)q2|(2Szeiqr)νµ|2(fν − fµ)
× 1
ε− ilω − (i/h¯)(εµ − εν)
1
ε− iω1 − ilω − (i/h¯)(εµ − εν) (20)
In the ε→ 0 limit, we obtain:
∆(
1
τ
) = −
∑
qνµkl
|V (q)|2Ni πh¯α
2ω21s
8mn(ωc − ωs)2(ωc − ωs − klω)2 q
4|(Skeiqr)νµ|2(fν − fµ) ∂
∂εµ
δ(lh¯ω + εµ − εν) (21)
The equation (21) contains a singularity in its right hand side, which is removed, as usual, due to broadening of the
Landau levels by scattering electrons on impurities:
δ(E − εµ)→ Dµ(E) =
√
π/2
Γ
exp
(
− (E − εµ)
2Γ2
)
. (22)
The Landau level width Γ can be expressed via the electron mobility µ in zero magnetic field:
Γ = h¯
√
2γnωc
πτtr
, τtr =
mµ
|e| (23)
Integrating over the energy for the case T > Γ, we have:
∫
dE ∂
∂EDν(E ± h¯ω)Dµ(E) = −
π3/2(εµ − εν ± h¯ω)
4Γ3
exp
(
− (εµ − εν ± h¯ω)
2
4Γ2
)
(24)
Calculating the matrix element in (21) on the wave functions
ψν ≡ ψnkxSz = 1√
2nn!π1/2ℓ
exp(ikxx) exp
(
− (y − y0)
2
2ℓ2
)
Hn(
y − y0
ℓ
)χSz , (25)
5we obtain:
|〈nνkxνSzν |Sk exp(iqr)|nµkxµSzµ〉|2 = δSzν+k,Szµδkxν ,qx+kxµ exp
(
− ℓ
2q2
2
)
× (min(nν , nµ))!
4(max(nν , nµ))!
(
ℓ2q2
2
)|nν−nµ|(
L
|nν−nµ|
min(nν ,nµ)
(
ℓ2q2
2
))2
. (26)
Here y0 = ℓ
2kx is the cyclotron orbit center coordinate, ℓ is the magnetic length, Hn(x) denotes Hermite polynomials,
and χSz is the eigenfunction of the z spin projection.
Finally, integrating over q, we have:
∞∫
0
d(q2)q4 exp
(
− ℓ
2q2
2
)(
− ℓ
2q2
2
)|nν−nµ|(
L
|nν−nµ|
min(nν ,nµ)
(
ℓ2q2
2
)
)2
=
8
ℓ6
(max(nν , nµ))!
(min(nν , nµ))!
(n2ν + n
2
µ + 3(nν + nµ) + 4nνnµ + 2) (27)
Thus, for the case of point scatterers, where V (q) does not depend on q, the radiation-induced correction to the
inverse relaxation time is:
∆(
1
τ
) =
∑
nνnµkl
|V (q)|2Ni π
1/2h¯α2ω21s
32mnℓ8Γ3(ωc − ωs)2(ωc − ωs − klω)2
× (n2ν + n2µ + 3(nν + nµ) + 4nνnµ + 2)(f(εν)− f(εµ))
× ((nµ − nν)h¯ωc + kh¯ωs + lh¯ω) exp
(
− ((nµ − nν)h¯ωc + kh¯ωs + lh¯ω)
2
4Γ2
)
(28)
IV. NUMERICAL ANALYSIS
Using the expression for the momentum relaxation rate, one can also write the formula for the diagonal components
of the conductivity tensor σxx = (nm
−1e2τ)/(ω2cτ
2 + 1). Numerical calculations have been carried out with the
following parameters: m = 0.067 m0 (m0 is the free electron mass), the Fermi energy is EF = 10 meV, the mobility
of the 2D electrons varies as µ ≈ 0.9 − 1.5 × 107 cm2/Vs, the electron density n = 3 × 1011 cm−2. The microwave
radiation frequency is f = 50 GHz, the temperature is T ≈ 2.4 K. The magnetic field varied as 0.02 – 0.3 T.
The dependence of the 2D electron gas photoconductivity on the ω/ωc ration is presented in Fig. 1. One can see
that the dependence of electron mobility upon the magnetic field has the oscillating character.
V. CONCLUSION
The response of a non-equilibrium electron system to the DC electric measurement field has been studied for the
case when the initial non-equilibrium state of the system is created by an ultra-high frequency magnetic field that
leads to combined transitions. Within the proposed theory, it has been shown that such perturbation of the electron
system essentially influences the transport coefficients and leads to the oscillations of the diagonal components of the
conductivity tensor. The discussed effect is analogous to the phenomenon observed in GaAs/AlGaAs heterostructures
with ultra-high electron mobility2. However, unlike that phenomenon, the manifestation of the oscillatory pattern is
dictated by the spin-orbit interaction existing in the crystals under consideration.
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FIG. 1: Photoconductivity of the 2D electron gas vs of the magnetic field induction for different values of electron mobility.
The radiation frequency is 50 GHz and γ = 2.
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